A great deal is known about the response properties of single neurons processing sensory information. In contrast, less is understood about the collective characteristics of networks of neurons that may underlie sensory capacities of animals. We used functional magnetic resonance imaging to study the emergent properties of populations of neurons processing motion across different brain areas. Using a visual adaptation paradigm, we localized a distributed network of visual areas that process information about the direction of motion as expected from single-cell recording studies. However, we found an apparent discrepancy between the directional signals in certain visual areas as measured with blood oxygenation leveldependent imaging compared with an estimate based on the spiking of single neurons. We propose a hypothesis that may account for this difference based on the postulate that neuronal selectivity is a function of the state of adaptation. Consequently, neurons classically thought to lack information about certain attributes of the visual scene may nevertheless receive and process this information. We further hypothesize that this adaptation-dependent selectivity may arise from intra-or interarea cellular connections, such as feedback from higher areas. This network property may be a universal principle the computational goal of which is to enhance the ability of neurons in earlier visual areas to adapt to statistical regularities of the input and therefore increase their sensitivity to detect changes along these stimulus dimensions.
A great deal is known about the response properties of single neurons processing sensory information. In contrast, less is understood about the collective characteristics of networks of neurons that may underlie sensory capacities of animals. We used functional magnetic resonance imaging to study the emergent properties of populations of neurons processing motion across different brain areas. Using a visual adaptation paradigm, we localized a distributed network of visual areas that process information about the direction of motion as expected from single-cell recording studies. However, we found an apparent discrepancy between the directional signals in certain visual areas as measured with blood oxygenation leveldependent imaging compared with an estimate based on the spiking of single neurons. We propose a hypothesis that may account for this difference based on the postulate that neuronal selectivity is a function of the state of adaptation. Consequently, neurons classically thought to lack information about certain attributes of the visual scene may nevertheless receive and process this information. We further hypothesize that this adaptation-dependent selectivity may arise from intra-or interarea cellular connections, such as feedback from higher areas. This network property may be a universal principle the computational goal of which is to enhance the ability of neurons in earlier visual areas to adapt to statistical regularities of the input and therefore increase their sensitivity to detect changes along these stimulus dimensions.
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Substantial progress has been made in characterizing the response properties of single neurons involved in the analysis of motion (Maunsell and Newsome, 1987; Parker and Newsome, 1998) . In contrast, little is known about the collective properties of contiguous or distributed networks of neurons that may underlie sensory motion processing and motion perception. To study the global properties of neuronal populations processing information about the direction of motion, we used functional magnetic resonance imaging (fMRI) in anesthetized monkeys. The monkey model has several advantages for carrying out these studies, including the ability to compare imaging with electrophysiological data.
In our experiments we used a visual adaptation paradigm in which continuous presentation of a stimulus results in decreased fMRI responses over time. Then abruptly the stimulus changed, and we measured the induced change in the fMRI signal. This paradigm allowed us to determine with blood oxygenation leveldependent (BOLD) imaging whether local regions of macaque cortex process information about direction of motion (GrillSpector et al., 1999; Kourtzi and Kanwisher, 2000) . This would not be possible using a standard experimental paradigm, in which various stimulus conditions are compared with a blank screen condition, because visual areas are composed of heterogeneous populations of neurons selective for a wide range of directions of motion organized at a spatial scale beyond the spatial resolution of standard primate fMRI protocols. It is natural to assume that brain areas that adapt selectively to the direction of motion take part in processing direction of motion information. Using the adaptation paradigm, we found the most direct evidence to date that direction-selective information is reflected in the BOLD signal. In agreement with previous single-cell electrophysiology studies, we localized a distributed network of visual areas that process information about the direction of motion. However, we found a discrepancy between the strength of the directionally selective BOLD signal in early visual areas and the prediction one would make using established facts from macaque single-cell electrophysiology. The simple hypothesis that neuronal selectivity is a function of adaptation can account for this difference.
Finally, the adaptation paradigm enabled us to characterize the dynamics of adaptation of large networks of neurons in the macaque visual cortex, taking advantage of the global coverage afforded by fMRI. The study of adaptation is important because it reflects a fundamental computational principle of the nervous system. The perceptual effects of adaptation to a pattern of motion are well demonstrated by celebrated illusions, such as the waterfall illusion (Wohlgemuth, 1911; Mather et al., 1998) . The ability to adapt to the statistics of the environment reduces redundancy and increases the dynamic range available for encoding changes (Barlow, 1972; Smirnakis et al., 1997) . Adaptation is ubiquitously expressed in the properties of single neurons throughout the nervous system, where the firing rate of motionsensitive neurons from a wide range of species typically decreases during continuous presentation of a moving stimulus (Barlow and Hill, 1963; Oyster et al., 1972; Vautin and Berkley, 1977; von der Heydt et al., 1978; Maddess et al., 1988; Ibbotson et al., 1998; Lisberger and Movshon, 1999) .
MATERIALS AND METHODS
Surg ical and anesthesia procedures. E xperiments were conducted in four healthy monkeys (Macaca mulatta) weighing 5.5-7 kg. The studies were approved by the local authorities (Regierungspraesidium) and were in f ull compliance with the guidelines of the European Community (EUV D 86/609/ EEC) for the care and use of laboratory animals. Surgical procedures for custom-made plastic head holders, anesthesia protocol during the fMRI imaging, and procedures for positioning the visual stimuli have been described previously (L ogothetis et al., 1999) .
V isual stimulation. A f ull-field rotating checkerboard polar pattern stimulus was used for both the visual-localization and visual-adaptation protocols (30°horizontal ϫ 23°vertical) (see Figs. 1 A, 2A) . The spatial frequency of the stimulus was 30°per cycle in the angular dimension (i.e., every 15°, the intensity of the polar stimulus changes from bright to dark). The temporal frequency was 1/6 Hz. The stimulus contrast was 100%. During the visual-localization stimulation protocol (see Fig. 1 A) , the rotating polar was presented for 48 sec followed by 48 sec of no stimulus. The direction of rotation was reversed every 5 sec between the clockwise and counterclockwise directions (see Fig. 1 A) . This procedure was repeated four times.
During the visual adaptation protocol, a single stimulation trial began with 30 sec of blank screen condition followed by 200 sec of the rotating polar stimulus, rotating in a single direction either clockwise or counterclockwise. Thereafter the direction of rotation of the polar pattern was reversed, and the polar stimulus was presented for another 100 sec. Each stimulation trial ended with the blank screen condition for 46 sec. During a single experimental session, 20 -30 such stimulation trials were repeated. Control trials in which the direction of motion remained unchanged throughout the trial were interleaved with these stimulation trials.
Note that at the transition point, where the direction of rotation of the polar reversed, the polar pattern was reset to its original phase, which could be seen as a fast visual transient. Similarly, in the control, the phase of the polar stimulus was also reset to zero 200 sec after the onset of the stimulus. The BOLD signal was not sensitive to this transient (see Figs. 2C, 3C, .
MR I data collection. E xperiments were conducted in a vertical 4.7 tesla scanner with a 40-cm-diameter bore (Biospec 47/40v; Brucker Medical, Ettlingen, Germany). The system had a 50 mT/m (180 sec rise time) actively shielded gradient coil (B-GA 26, Brucker Medical) of 26 cm inner diameter. We used a custom chair and custom system for positioning the monkey within the magnet (L ogothetis et al., 1999) . During the visual localization experiment, we used multi-shot (eight) gradient echo (GE) echo planar imaging (EPI) using a 128 ϫ 128 matrix [1 ϫ 1 mm 2 resolution; slice thickness 2 mm; echo time (TE) ϭ 20 msec; repetition time (TR) ϭ 750 msec; flip angle (FA) ϭ 40°] of the whole brain of the monkeys. T ypically 13 horizontal brain slices were acquired within 6 sec. This process was repeated eight times (48 sec total time) during which the stimulus was displayed. The blank screen period followed, which also lasted 48 sec, and the same imaging protocol was applied. T wo to three slices were then selected for the adaptation experiment. BOLD activity from these slices was acquired at a higher temporal resolution than before (all selected slices were acquired once every second). MRI data collection was the same as before but with TR ϭ 250 msec, FA ϭ 20 -25°, and multi-shot (four) GE-recalled EPI images used instead. Anatomical images were acquired using a matrix of 256 ϫ 256 (0.5 ϫ 0.5 mm resolution; inversion recovery -rapid acquisition with relaxation enhancement).
MR I data anal ysis. The MRI data were analyzed off-line using our own software developed in M ATL AB. We converted the multi-slice data collected during the visual localization experiments (see Fig. 1 A) into a time series of individual voxels. For each image (matrix of signal intensities at a single point in time for a single brain slice), we applied a two-dimensional spatial convolution kernel (Gaussian kernel with SD half the size of a pixel). Functional maps, such as those presented in Figure 1 B, were generated by cross-correlating the postconvoluted time course at each voxel with a boxcar model of the stimulus presentation protocol (see Fig. 1 A) . These f unctional maps were thresholded to identif y the significantly activated voxels. The threshold was set at a value of two SDs above the mean of the distribution of correlation coefficients of a region in the f unctional map where no brain activity was present (50 ϫ 50 voxels; top right corner of the f unctional map). In addition, we applied a simple clustering algorithm that eliminated random, spuriously activated voxels. We centered a 4 ϫ 4 window on each of the activated voxels. If there were not at least another 10 activated voxels within this window, then the activity of the voxel was defined as spurious and not considered significant. Using this simple clustering algorithm, we achieved good localization of visually activated brain areas illustrated by the consistently focal activation over gray matter (see Fig. 1C ).
The borders between a number of visual areas were marked on the basis of anatomical criteria (Gattass et al., 1981; Desimone and Ungerleider, 1986; Gattass et al., 1988) . The time course of the BOLD signal during the adaptation experiments was calculated by considering the voxels that were significantly activated during the visual localization experiment. These time series were normalized for each individual image (matrix of signal intensities at a single point in time for a single brain slice) by dividing by the mean of the top 90% pixel values of each image (the lowest 10% generally represented the background of the image, i.e., lay outside the head). The average activity across voxels from each area was then calculated for the adaptation experiments.
The BOLD directional index () was defined as follows: ϭ reboundresponse/initial-response. The rebound-response was defined as the peak response, after the direction of motion changed, of the filtered activity (digital low-pass Butterworth 8 order filter and cutoff frequency 0.125 Hz) relative to baseline. In this case, baseline was defined as the mean BOLD activity 10 sec before the change in the direction of motion. The initial-response was defined as the peak response, after the initial onset of the stimulus, of the filtered activity (digital low-pass Butterworth 8 order filter and cutoff frequency 0.125 Hz) relative to baseline. In this case, baseline was defined as the mean BOLD activity 10 sec before the stimulus onset.
E xponential f unctions were fitted to analyze the time course of adaptation in different visual areas. The characteristics of adaptation across different visual areas were measured by fitting exponentials of the form:
where R is the fitted responses at time t, is the time constant of the decaying exponential, and C is the fitted steady-state response. The fitted peak is A ϩ C.
RESULTS

Direction selectivity in the BOLD signal of different visual areas
We identified visual areas in the macaque brain using a visuallocalization stimulation protocol. This stimulation paradigm consisted of four alternating ON/OFF epochs lasting 48 sec each ( Fig.  1 A) . A rotating polar checkerboard pattern was presented during ON epochs. This stimulus has previously been shown to robustly activate the visual cortex of the anesthetized monkey (Logothetis et al., 1999) . Functional maps were constructed by crosscorrelating the observed signal at each voxel with a boxcar waveform model of the experimental paradigm ( Fig. 1 B) (see Materials and Methods). Activation was seen in areas V1, V2, V3, V3A, V4, and MT as revealed by superimposing the functional maps on the corresponding anatomical images. For instance, part of the activity in the map in Figure 1 B contains area V1 (Fig. 1C) . During the visual-localization stimulation protocol, 13 slices (resolution 1 ϫ 1 ϫ 2 mm 3 ) covering the entire macaque brain were acquired in 6 sec. For the adaptation experiments, two to three selected brain slices were acquired at a higher temporal resolution (Fig. 2 A) . These slices were chosen on anatomical and functional grounds to include visual areas of the monkey cortex, particularly areas V1 and MT.
The boundaries of the visual areas that we studied were defined on the basis of anatomical criteria (Gattass et al., 1981 (Gattass et al., , 1988 Desimone and Ungerleider, 1986) . Specifically, area V1 was determined to lie on the operculum and within the calcarine sulcus. We considered areas V2 and V3A within the posterior and anterior banks of the lunate sulcus, respectively. The fundus of the lunate was not included in either V2 or V3A. Instead, the fundus was analyzed separately in combination with the anterior bank, as a region including both V3 and V3A (see Fig. 5 , V3, V3A). We determined area V4 to be located on the prelunate gyrus between the lunate and superior temporal sulcus, whereas area MT was identified to lie in the posterior bank and fundus of the superior temporal sulcus. Finally, we examined the activation of a region that included both V2 and V3 (see Fig. 5 , V2/V3) within the inferior occipital sulcus.
We analyzed the time course of BOLD activity during adaptation to the moving polar stimulus in the above areas. The typical time course of BOLD activity from area V1 is illustrated for a single slice in Figure 2 . The BOLD signal rises quickly to a peak after the onset of the stimulus, and then adapts slowly while the polar stimulus is rotating in the initial direction of motion (Fig. 2 B) . We defined the size of the initial peak in BOLD activation as the initial-response (see Materials and Methods). After the reversal of the direction of motion of the stimulus, a second peak is seen in the BOLD signal that reflects release from adaptation to the initial direction of motion of the polar stimulus. We defined this second peak in BOLD as the rebound-response (Fig. 2 B) . The existence of the rebound-response demonstrates explicitly that direction of motion information is reflected in the BOLD signal.
Interleaved with the adaptation protocol, we ran a control experiment. In the control, the direction of motion of the visual stimulus did not change. Note that in both experiment and con- A rotating checkerboard polar pattern stimulus was presented; its direction was reversed every 5 sec from clockwise to counterclockwise. The stimulus was shown for 48 sec (ON ). The ON-condition was interleaved with an off-condition (blank screen condition), also presented for 48 sec. Thirteen axial brain slices were acquired during 6 sec, and 8 such consecutive acquisitions were completed during 48 sec. Each slice had a field of view of 128 ϫ 128 voxels, with each voxel size 1 ϫ 1 mm 2 in plane resolution and 2 mm slice thickness. During the course of the visual localization protocol, there were four consecutive ON/OFF conditions. B, The functional map of BOLD signal for a single brain slice was computed by cross-correlating the time course of the BOLD signal for each individual voxel with a boxcar model of the stimulus protocol (see Materials and Methods). C, The statistically thresholded functional map is superimposed on the anatomical image (see Materials and Methods). The voxels with significant activation in area V1 are color coded and located posteriorly. Figure 2 . Information about the direction of motion in area V1 in the BOLD signal for a single brain slice. A, Visual adaptation protocol. Two to three selected horizontal brain slices were imaged every second with the same individual slice spatial resolution (1 ϫ 1 ϫ 2 mm 3 ). Thirty seconds of the OFF-condition were followed by 200 sec of the ON-condition while the polar pattern was rotating continuously in only one of the two motion directions, i.e., either clockwise or counterclockwise. In interleaved trials the direction of motion of the polar was reversed after 200 sec of stimulus onset, and presentation continued for another 100 sec. At the point of transition in both cases, the phase of rotation of the polar was reset and was visible as a fast transient. Finally, 48 sec of the OFF-condition was presented. B, Average time course of the BOLD signal in area V1 from a single slice (in Fig. 1C , 170 voxels highlighted in yellow, 20 repetitions). The signal is normalized to the baseline (dividing by the mean activity during the initial OFF-condition). Therefore, a signal of 1.02 represents an increase of 2% from baseline. Arrows indicate the direction of motion of the stimulus. The rebound for each stimulation trial was defined as the difference between the mean signal for 30 sec before and after the change in the direction of motion across all activated voxels from V1. The mean of their distribution across identical repetitions is significantly bigger than zero (two-tailed paired t test, p Ͻ 0.05), indicating an increase in the BOLD signal after the change in the direction of motion. C, Same analysis as B but with no change in the direction of motion. The mean of the distribution is not significantly different from zero (two-tailed paired t test, p Ͼ 0.7). trol, the rotating polar was reset to its starting position 200 sec after the onset of the visual stimulus (Fig. 2 A) (see Materials and Methods). This resetting could be seen on the monitor in both cases as a brief transient that did not influence significantly the time course of the BOLD, as evidenced by the lack of significant rebound-response in the control experiments (Figs. 2C, 3C , and see Fig. 7A-C) .
Visual area MT showed a more pronounced rebound-response than seen in V1 (Fig. 3B) . This result agrees with the large proportion of directionally selective cells found in MT and the central role this area plays in the perception of the direction of motion (Maunsell and Van Essen, 1983b; Albright et al., 1984; Newsome et al., 1989; Newsome and Salzman, 1993; Salzman and Newsome, 1994) . The mean time course of the BOLD signal averaged over the MT-activated voxels (Fig. 3 A) showed a sharp increase after the onset of the visual stimulus (Fig. 3B) . Subsequently, the signal gradually decreased because of adaptation. Compared with V1, the BOLD signal in area MT reached steady state faster and was more sustained relative to its peak value (Figs. 2C, 3C, 7 ) .
In addition to areas V1 and MT (Fig. 4) , we also found activation in areas V2, V3, V3A, and V4. We observed a statistically significant rebound-response in all of these cortical regions, reflecting the processing of direction of motion information at the level of the BOLD signal (Fig. 5, right column) . The relative strength of the rebound-response versus the initial-response varied across these areas, indicating the difference in processing of motion signals among them.
To compare the results from BOLD with the results from single-cell electrophysiology, we quantified the degree of sensitivity of the BOLD signal to the change in the direction of rotation of the polar stimulus across visual areas (Fig. 6) . We defined the BOLD directionality index as the ratio of the rebound to the initial response (see Materials and Methods). A directionality index approximately equal to zero indicates that the BOLD signal from an area is modulated little by changes in the direction of motion, whereas a ratio close to one indicates strong modulation. Area V1 had a BOLD directionality index of 0.33 with a SEM of 0.03. This index is unexpectedly higher than what may be predicted from the proportion of directionally selective cells found by single-unit recordings in V1, which is ϳ20% (see Discussion for more details) (Schiller et al., 1976; De Valois et al., 1982; Albright, 1984; Orban et al., 1986; Hawken et al., 1988; Chaudhuri and Albright, 1997; . In area V2 and the combined region V2/V3, we found the BOLD directional index to be 0.35 (SEM ϭ 0.06) and 0.37 (SEM ϭ 0.04), respectively, and the proportion of directional neurons in V2 and V3 to be ϳ40% (Foster et al., 1985; Burkhalter and Van Essen, 1986) . The BOLD directional index in V3A and the region V3/V3A was 0.42 (SEM ϭ 0.16) and 0.43 (SEM ϭ 0.25), respectively. In V3A the proportion of directionally selective cells is similar to that in V1 (Gaska et al., 1988) .
Areas MT and V4 had higher BOLD directionality indices than those found in earlier visual areas V1, V2, V3, and V3A. Specifically, we found indices of 1 (SEM ϭ 0.29) and 0.84 (SEM ϭ 0.15) for V4 and MT, respectively. The strong directionality index in MT is consistent with single-cell studies, which report that a large proportion of MT neurons are directionally selective (Maunsell Figure 1 , B and C. A-C, Same analysis as in Figures 1C and 2 , B and C, respectively. B, The mean of the distribution is significantly greater than zero (two-tailed paired t test, p Ͻ 10 Ϫ 4 ) when a change in the direction of rotation occurs. C, The mean of the distribution is not significantly different from zero (two-tailed paired t test, p Ͼ 0.8) when the direction of rotation remains constant. (Fig. 2 B, rebound signal ). The reactivation for each stimulation trial was defined as the difference between the mean signal for 30 sec before and after the change in the direction of motion across all activated voxels from V1. A positive reactivation indicates an increase in the signal after the change in the direction of motion. The mean of the distribution is significantly bigger than zero (two-tailed paired t test; p values shown in Figures). Smooth curves represent the mean signal filtered with a digital low-pass Butterworth 8 order filter and cutoff frequency of 0.125 Hz. B, Same as A but for area MT (419 voxels, 9 slices, 4 monkeys, 6 experimental sessions). The rebound-response (average response for 30 sec after transient) during the condition in which the direction of the stimulus changed was significantly higher than the control rebound-response in which the direction of the stimulus remained the same (two-tailed paired t test, p Ͻ 10 Ϫ 6 for V1 and p Ͻ 10 Ϫ 6 for MT).
and Van Essen, 1983a; Albright et al., 1984) . However, the strong rebound-response that we found in the BOLD signal of area V4 after adaptation was unexpected, because in contrast to MT, most of the cells in area V4 are not directionally selective. Desimone and Schein (1987) report that the degree of directionality at the level of single cells in V4 is similar to the one found in V1. One qualification of this observation is that the BOLD directionality index we computed for area V4 is not as robust as that of the other visual areas. Activation of area V4 during our experiments was more erratic, possibly because of the particular properties of the stimulus used and/or as a result of anesthesia. Future experiments in alert animals will shed further light in this direction.
Time course of BOLD signal during adaptation in areas V1, V2/V3, and MT
Activation in areas V1, V2/V3, and MT was robust and reliably observed, which enabled us to quantify the dynamics of adaptation of the BOLD signal in these areas. We analyzed the data collected during control stimulation trials when the direction of motion of the stimulus did not change. An exponential function was fitted to the tail of the BOLD time course giving estimates of the rate of adaptation () and the steady-state level attained by the BOLD signal (see Materials and Methods). We found that the adaptation dynamics of the BOLD signal are not the same throughout the various visual areas, presumably reflecting different underlying adaptation dynamics of the corresponding neuronal ensembles. The BOLD signal in MT adapts faster than in V1 (Fig. 7A) . Moreover, the activity of MT at steady state is sustained at a higher level than in V1 (Fig. 7F ) , despite the fact that the initial-response peak in the BOLD signal is higher in V1 (Fig. 7G) . The adaptation properties of the BOLD signal in V2/V3 were similar to those in MT, i.e., fast rate of adaptation and high steady state (Fig. 7 D, E) .
The size of the initial-response peak of the BOLD signal is similar in areas V1 and V2/V3 but much smaller in area MT. The reason for this is not obvious, but it may reflect the fraction of cells that initially respond to the stimulus in the respective areas as well as the respective cell density. However, the peak responses are similar in size between V2/V3 and V1 despite the fact that there are twice as many neurons per unit volume in the latter (Rockel et al., 1980; Peters, 1987) .
DISCUSSION
The results presented in this paper show that a distributed network of visual areas in the monkey contains information about the direction of motion of a stimulus, in agreement with previous single-unit electrophysiology studies. Specifically, the BOLD signal in areas V1, V2, V3, V3A, V4, and MT reflects the processing Figure 5 . Information about the direction of motion in areas V2, V3, V3A, and V4. Left column shows the area of interest, marked in yellow, on a single horizontal slice of an individual monkey during one experimental session. Right column (same notations as in Fig. 4) shows the average activities of the different visual areas. This activity is the mean across all significant voxels in all slices, monkeys, and experimental sessions belonging to a particular visual area. Histogram insets have the same notation as in Figure 4 . Voxels belonging to area V2 were identified within the posterior bank of the lunate sulcus (ls) excluding the fundus. The time course of the mean BOLD activity was computed from a total of 157 voxels, six slices, three monkeys, and five experimental sessions. Voxels belonging to area V2/V3 were typically identified within the inferior occipital sulcus (ios). The time course of the mean BOLD activity was computed from a total of 680 voxels, six slices, four monkeys, and four experimental sessions. Voxels belonging to area V3A were identified 4 within the anterior bank of the ls, excluding the fundus. The time course of the mean BOLD activity was computed from a total of 54 voxels, five slices, four monkeys, and four experimental sessions. Voxels belonging to V3/V3A were identified within the anterior bank of the ls, including the fundus. The time course of the mean BOLD activity was computed from a total of 170 voxels, five slices, four monkeys, and four experimental sessions. Voxels belonging to area V4 were identified on the prelunate gyrus. The time course of the mean BOLD activity was computed from a total of 38 voxels, three slices, two monkeys, and three experimental sessions. The reboundresponse (average response for 30 sec after transient) during the condition in which the direction of the stimulus changed was significantly higher than the control rebound-response, where the direction of the stimulus remained the same (two-tailed paired t test; p Ͻ 10 Ϫ 3 for V2; p Ͻ 10 Ϫ 9 for V2/V3; p Ͻ 0.05 for V3A; p Ͻ 10 Ϫ 3 for V3/V3A; p Ͻ 0.001 for V4).
of information about the direction of motion. Previous studies have provided indirect evidence of directional selective interactions in human area MT, using fMRI measurements of BOLD activity during the motion aftereffect (Tootell et al., 1995; He et al., 1998) . In another study, Heeger and colleagues (1999) showed the existence of motion opponent mechanisms in human area MT and, by inference, directionally selective mechanisms. Here we provide direct evidence that direction of motion processing is reflected in the BOLD signal in several visual areas and the first evidence to date for the presence of such directionally selective BOLD signal in early visual areas, such as V1. This result is not surprising, given the existence of directionally selective cells found particularly in layers 6 and 4b of V1 (Hawken et al., 1988) . Moreover, we have characterized the dynamics of adaptation of the BOLD signal to unidirectionally rotating stimuli for different visual areas of the macaque. This analysis sheds new light on the emergent properties of the neuronal ensembles in these areas, given that the BOLD signal is thought to reflect brain activity at the level of neuronal populations. We found that the dynamics of adaptation of the BOLD signal were different across various visual areas of the macaque cortex. In particular, the BOLD signal from MT and V2/V3 adapted faster than the BOLD signal from V1 by more than an order of magnitude. A network of neurons that exhibits faster adaptation to the statistical structure of its environment is more efficient in encoding the input in terms of both energy consumption and increased sensitivity to detect changes.
Another difference among these visual areas is the steady state attained by the BOLD signal during the course of adaptation. Despite the fact that the initial transient is higher in V1 than in MT, the steady-state level of the signal is higher in MT than in V1. Similar to the signal in MT, the signal in V2/V3 also attains a high steady state. These results provide additional evidence that the processing of the sensory input in MT and V2/V3 is quite different from that in V1. It is currently thought that the BOLD signal is correlated more with synaptic events than action potentials, and thus the dissimilarities in adaptation among the visual areas likely reflect differences in processing information at the level of synapses (Nunez and Silberstein, 2000; Logothetis et al., 2001) .
It is of particular importance that we now have data about the direction of motion information from both fMRI and single cells from the same species. This gives us the opportunity to make semiquantitative comparisons between known results from electrophysiology and the BOLD signal. We find that the BOLD directional index in visual areas such as V1 and V4 was higher than might be expected on the basis of the proportion of cells that are directionally selective in these areas. It is estimated that ϳ20% of cells in V1 are directionally selective (Schiller et al., 1976; De Valois et al., 1982; Albright, 1984; Orban et al., 1986; Hawken et al., 1988; Chaudhuri and Albright, 1997; . The rotating polar stimulus is expected to activate almost all the cells that are typically studied in V1, albeit half of the directionally selective ones. Therefore, ϳ90% of the V1 neurons will be activated initially after the polar starts rotating in a single direction. On the other hand, the rebound-response will reflect only half of the directionally selective cells, i.e., ϳ10%. Accordingly, the BOLD directional index should be ϳ0.11 (10/90), which is much lower than the ratio of 0.33 that we calculated (Fig. 4 B) . In area V4 the discrepancy is even larger because the BOLD directionality index is close to 1, despite the fact that the percentage of directional cells in V4 is close to that of V1. In V4 we did not get responses as robust as those in other areas such as V1 and MT. Nevertheless, when the activity in area V4 was significantly different from background, a change in the direction of motion of the stimulus induced a statistically significant rebound-response with a normalized magnitude that was similar to the normalized magnitude of the response seen in MT.
We propose a hypothesis, which is based on the numerous connections that exist among neurons within and between brain areas, that could account for the apparent difference between the single-unit electrophysiology and BOLD results. This takes advantage of the fact that neuronal directional selectivity is a function of the state of adaptation. Specifically, neurons that under classical investigation may not be directionally selective can manifest directional selectivity after adapting to directional stimuli. Consider a network of neurons where directionally selective cells activate other cells, so that the latter group of neurons is classically nondirectionally selective. This can be simply achieved if heterogeneous populations of directionally selective cells con- Figure 6 . Information about direction of motion across different visual areas. The mean initial and rebound filtered responses (digital low-pass Butterworth 8 order filter and cutoff frequency 0.125 Hz) for different visual areas are plotted as continuous and dotted lines, respectively. These signals represent the mean across all slices and experimental sessions. If the mean activity (from 11 to 20 sec after stimulus onset) from an individual slice for a particular visual area was Ͻ2 SDs above the mean of the baseline (activity during 30 sec of blank screen condition), then this response was excluded from the analysis. Histogram, BOLD directionality indices ( ϭ rebound-response/initial-response) (see Materials and Methods and Fig. 2 B) . For V1 mean ϭ 0.33 (SEM ϭ 0.03), for V2 mean ϭ 0.35 (SEM ϭ 0.06), for V2/V3 mean ϭ 0.37 (SEM ϭ 0.04), for V3A mean ϭ 0.42 (SEM ϭ 0.16), for V3/V3A mean ϭ 0.43 (SEM ϭ 0.25), for V4 mean ϭ 1 (SEM ϭ 0.29), and for MT mean ϭ 0.84 (SEM ϭ 0.15). The BOLD directional index in V1 was significantly smaller than the index of both MT and V4 (two-tailed paired t test, p Ͻ 0.001 for V1, MT comparison; two-tailed paired t test, p Ͻ 0.001 for V1, V4 comparison). The BOLD directional indices for V4 and MT were not significantly different (two-tailed paired t test, p Ͼ 0.05).
verge to provide balanced input to the nondirectionally selective neurons. The directionally selective cells will show robust activity only when the preferred stimulus is presented in the visual field. On the other hand, the classically "nondirectionally selective" cells will be activated when stimulated with either direction of motion since they received balanced directionally selective input. Note that after the network adapts to a particular direction of motion of the visual stimulus, a change in the direction of motion alters the balance of the directionally selective input to the nondirectionally selective neurons and results in increased neuronal activity, thereby contributing to the rebound signal. Therefore, one possible source for the higher than expected BOLD directional index in visual areas such as V1 could be the activation of classically nondirectionally selective neurons that receive input from directionally selective cells, e.g., from MT cells (Rockland and Knutson, 2000) . Recent work showing that the orientation tuning of complex cells in macaque V1 is affected by the orientation of an adapting stimulus (Muller et al., 1999; Dragoi et al., 2000) provides evidence supporting a mechanism similar to the one postulated by our hypothesis. Note that our hypothesis is only a tentative suggestion. There are several other schemes that could explain our observations, such as local interactions between populations of neurons tuned to opposite directions of motion.
Recently, fMRI and electrophysiological signals were measured simultaneously and compared to study their relationship (Logothetis et al., 2001 ). Logothetis and colleagues (2001) found that the BOLD signal was more correlated with the local field potential than with the multiunit spiking activity. Local field potentials are thought to reflect mostly somatodendritic events and therefore, presumably, neuronal inputs. Our result, of stronger than expected directional signal in certain visual areas, may reflect directionally selective input to these areas that are not revealed with classical electrophysiology experiments, which focus mostly on neuronal outputs.
The comparison that we attempt between the magnitude of the BOLD directionally selective signal and single-unit recordings is at best semiquantitative, particularly because we use a different visual stimulation paradigm. Future studies in which BOLD and neuronal activity are recorded simultaneously during adaptation will delineate further the mechanism underlying the directionally selective BOLD signal.
The role of adaptation in neuronal computations is a timehonored principle of single-cell physiology (Barlow, 1972) . Here we suggest that connectivity between neurons in a distributed hierarchical network may mediate a change of neuronal specificity in early visual areas as a function of adaptation to high-level Figure 7 . Time course of adaptation. A, Mean activity in V1 across all significant voxels, slices, monkeys, and experimental sessions during visual adaptation control experiments (1071 voxels, 10 slices, 4 monkeys, 4 experimental sessions). In these experiments the direction of motion of the stimulus did not change. The smooth curve is an exponential decay fit of the BOLD signal during adaptation (see Materials and Methods). B, Same as A but for regions V2/V3 (680 voxels, 6 slices, 4 monkeys, 4 experimental sessions). C, Same as A but for area MT (419 voxels, 9 slices, 4 monkeys, 6 experimental sessions). D, The BOLD signal from areas V1, V2/V3, and MT are plotted as label. Note that the BOLD in area V1 continues to drop and crosses the steady-state values of the BOLD in areas V2/3 and MT after Ͼ100 sec. E, Mean and SE of the mean of the time constant of the exponential decay fit, , across all slices for V1 ( ϭ 102 sec, SEM ϭ 18.4), V2/V3 ( ϭ 37 sec, SEM ϭ 8), and MT ( ϭ 28 sec, SEM ϭ 5). The decay constants of the BOLD signals in MT and V2/V3 are significantly faster than the signal in V1 (two-tailed paired t test, p Ͻ 0.01 and p Ͻ 0.05, respectively). F, Mean and SEM of the steady-state level of the normalized BOLD signal (C, from the exponential fits; see Materials and Methods), across all slices, for V1 (C ϭ 0.99, SEM ϭ 0.0012), V2/V3 (C ϭ 1.006, SEM ϭ 0.0018), and MT (C ϭ 1.002, SEM ϭ 10 Ϫ 3 ). The steady-state levels of the BOLD signal in MT and V2/V3 are significantly higher than the BOLD steady state extrapolated by the exponential fit for V1 (two-tailed paired t test, p Ͻ 0.05 and p Ͻ 0.001, respectively). G, Mean and SEM for the BOLD value at the initial peak across all slices for V1 ( p ϭ 1.013, SEM ϭ 0.0016), V2/V3 ( p ϭ 1.013, SEM ϭ 0.0028), and MT ( p ϭ 1.004, SEM ϭ 0.0012).
visual attributes computed in higher areas. Neurons in early visual areas, thought to lack information about certain attributes of the visual scene when tested classically, might nevertheless be able to adapt specifically to those attributes; thereby, neurons in early visual areas may be recruited to encode changes along specific stimulus dimensions that carry high information content.
